We introduce a novel three step procedure for precise niobium (Nb)-etching on the nm-scale, including the design of high contrast resist patterning and sacrifice layer formation under high radio frequency (RF) power. We present the results of precise slit fabrication using this technique and discuss its application for the production of superconducting devices, such as, superconductor-semiconductor-superconductor 
Introduction
On-demand generation of single photons and entangled photon pairs in the telecommunication band is not possible with the common state-of-the-art conventional single photon sources such as using down conversion [1] . These types of sources produce Poissonian distributed photon pairs with a high photon number fluctuation, which requires a strong attenuation in order to suppress multi-photon events (n ≥ 2) and, consequently, makes the sources quite inefficient. Therefore, solid-state photon sources generating on-demand single photons and entangled photon pairs are highly desired for quantum information processing and communication ( figure 1(a,b) ). We have proposed a new scheme to realize solid-state entangled photon pair sources using a SC LED [2] [3] [4] [5] , as highlighted in figure 1(c). Spontaneous recombination of electron cooper pairs penetrating from the Nb cathode and holes from the anode lead to the generation of entangled 2 photon pairs [5] . The emission of entangled photon pairs can be observed through the aperture of a SC Nb cathode. Figure 2 describes in detail that the penetration of Cooper pairs into the semiconductor and the emission efficiency depends on the size and depth of the aperture and on the thickness of the SC electrodes.
For wider apertures the photon extraction efficiency increases, whereas for narrower apertures the Cooper pair injection is enhanced. Recently, K. Il'in et al. [6] reported that a decrease of the thickness is accompanied by a decrease of both the critical temperature T c and the critical current I c , which demonstrates that the deposition of a thicker SC Nb layer provides a stronger proximity effect.
Over the past two decades, RIE of Nb has been employed to fabricate functional SC materials with attractive properties with a high SC T c and thermal cycling capability; e.g., for Josephson tunnel junctions, SC quantum interference devices (SQUIDs), signal processors, optical switching devices, and emission extraction apertures of SC LEDs [5] [6] [7] [8] [9] [10] [10] [11] [12] [13] [14] . CF 4 was selected in our work, considering not only its selectivity of Nb etching but also the gas resistance of the resist and underlying InGaAs layer. In this work, we report that the combination of resist and RIE processes, without the usage of a metal or SiO 2 mask, enables us to achieve 200 nm-deep Nb etching. This deep etching is possible because of the opposite CF 4 pressure dependence of the Nb and the resist ERs.
For the nanofabrication of SC apertures, the development of high-resolution electron-beam lithography (EBL) is important. We have successfully achieved high contrast patterning which is consistent with computer aided design (CAD) structures and sizes. It is crucial to have precise control over the aperture size and shape to improve both the emission efficiency and the smooth Cooper pair injection into the underlying active layer by proximity effect. In this regard, the formation of different aperture sizes and shapes is 
Fabrication and experimental procedure
The Nb films (80 and 200 nm thick Nb) were deposited by EB evaporation on GaAs substrates. The resist mask for the Nb etching must allow high EB resolution. The positive tone ZEP 520A resist (ZEP in the following) has been selected because of its high dry etching resistance. The EBL process employing the ZEP is as follows: the spin coating of the resist (45 s, 4000 rpm) on the Nb/GaAs substrate (10 mm × 10 mm) was followed by a one day drying time in the vacuum chamber. The coated resist thickness (typically around 440 nm) was measured using a Filmetrics F20 thin-film analyzer. The designed line and space patterns (10 -600 nm) were generated by ultra-high-precision EBL (ELS-7700H, ELIONIX) using 100 keV accelerating A field-emission scanning electron microscope (SEM) equipped with dimension measurement tool (JEOL JSM-6700FT) was used to estimate the patterned slit-widths using top view images as well as cross-sectional views of the developed resist patterns and Nb apertures (figures 3, 5, 6 and 8). The structure of the sacrifice layers deposited on both sides of the Nb sidewall (or Nb surface) after removing the resist was obtained using a digital instruments Nanoscope IIIa atomic force microscope (AFM) (figure 6). Following this limitation, it is required to increase the chamber pressure of RIE-CF 4 etching to etch down to depths larger than 80 nm.
Experimental results and discussion
We explain the chamber CF 4 pressure dependence of the ERs for ZEP, Nb, and (In)GaAs in figure 4(b) .
At the lowest pressure of 5 Pa, the ZEP ER (~100 nm/min) is 5 times higher than that of Nb (~20 nm/min), but the ER ratio of ZEP and Nb approaches unity (~35 nm/min) at the higher pressure of 30 Pa. This is because the higher CF 4 pressure enhances the chemical reactivity aspect within the more diffusive regime.
The underlying (In)GaAs layer, however, is almost not reactive with CF 4 gas. This enables Nb selective etching for an underlying (In)GaAs active layer, e.g., for SC LED application. However, we also found that a higher gas pressure (30 Pa) leads to size expansion of the Nb slit-width because of the strong isotropic chemical reaction which facilitates etchings along both vertical and horizontal directions ( figure 5(a) ). This isotropic etching can be even more pronounced in wider slits than in the small nano-sized slits because the wider slits provide easier access for the etchant ( figure 5(b) ). The horizontal 6 directional ER was estimated to be between 40 and 65 nm/min for 100 -600 nm designed slit-widths.
Therefore, under high pressure conditions slit-width expansion of 200 -300 nm compared to the designed dimensions is unavoidable for apertures in 200 nm thick Nb electrodes. From the SEM image of figure 5(b), we furthermore observed large line edge roughness which might appear due to an enlargement of the resist pattern fluctuation during the chemical reaction.
We found that a higher RF power (200 W) resulted in edge deposition through a strong ion bombardment.
We consider that this phenomenon takes place because the vertical directional physical etching rate is enhanced for higher RF power. This strong physical power can promote the creation of a deposition layer at both sidewalls because the compounds of Nb as well as the reacted gas adsorbed on the sidewall are stable and cannot easily be etched off ( figure 5(c) ) [19] . The horizontal widths of each deposition layer accumulated to an almost constant width of around 50 nm for slits wider than 200 nm and around a quarter of the silt-width for narrower slits. Furthermore, looking at the SEM image of figure 5(d) we also observed that the deposition layer is higher than the Nb surface. The compounds of Nb and reacted gas are accumulated besides the vertical surfaces of both Nb and ZEP. The structure of the deposition layers remains regardless of the ZEP dissolving reaction during the development process. We propose that these sidewall deposition layers can be used as sacrificial layers against the slit-width expansion due to isotropic etching.
Then, the deposition layers can be subsequently removed after the aperture fabrication. A three step processes was established as depicted in figure 6 , including the design of high contrast resist patterning, the sacrifice layer formation under high RF power, and the achievement of precise slit-widths by isotropic etching time control. 
